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iPMU 30 years
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o 1978 ICHEP@Tokyo
o Standard Model “established”

o 1984 W/Z discovery

o 1989-2001 SLC/LEP precision
measurements

o 1995 top quark discovery

o 2002 CP violation in B

o we kept veritying the Standard Model
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o unifies quantum mechanics and
(but not GR)
o minimal particle content, renormalizable
o explains 1340 pages of Particle Data
Group with only 19 parameters
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o A monument of the 2()th century physzcs
o unifies quantum mechanics and
(but not GR)
o minimal particle content, renormalizable
o explains 1340 pages of Particle Data
Group with only 19 parameters
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o A monument of the ZOth century physzcs
o unifies quantum mechanics and
(but not GR)
o minimal particle content, renormalizable
o explains 1340 pages of Particle Data
Group with only 19 parameters
o tested down to for electron
o the only missing particle is Higgs boson
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Standard Model
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o A monument of the ZOth century physics
o unifies quantum mechanics and
(but not GR)
o minimal particle content, renormalizable
o explains 1340 pages of Particle Data
Group with only 19 parameters
o tested down to for electron
o the only missing particle is Higgs boson
o So aren’t we done once Higgs found?
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o Since 1998, it became clear that there are
at least five missing pieces
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o Since 1998, it became clear that there are
at least five missing pieces

o non-baryonic dark matter
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o Since 1998, it became clear that there are
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o non-baryonic dark matter
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o Since 1998, it became clear that there are
at least five missing pieces

o non-baryonic dark matter
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o apparently acausal density fluctuations
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o Since 1998, it became clear that there are
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o ~1900 reached atomic scale 10-5cm=a/m,
o ~1970 reached strong scale 10-1>cm=Me—2mas b0
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o ~1900 reached atomic scale 10-3cm=a/m.
o ~1970 reached strong scale 10-1>cm=Me—>mas b0
o ~2010 will reach weak scale 10-1'cm=TeV-!



iPMU New Era
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o ~1900 reached atomic scale 10-3cm=a/m.
o ~1970 reached strong scale 10-1>cm=Me—>mas b0
o ~2010 will reach weak scale 10-1'cm=TeV-!

o known since Fermi (1933), finally there!
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o ~1900 reached atomic scale 10-3cm=a/m.
o ~1970 reached strong scale 10-1>cm=Me—2mas b0
o ~2010 will reach weak scale 10-1'cm=TeV-!

o known since Fermi (1933), finally there!
o presumably it is also a derived scale
o from SUSY breaking? extra dimensions?
string theory?
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o ~1900 reached atomic scale 10-3cm=a/m.

o ~1970 reached strong scale 10-13cm=Me—>mves b0
o ~2010 will reach weak scale 10-1'cm=TeV-!

O

known since Fermi1 (1933), finally there!
o presumably it is also a derived scale
o from SUSY breaking? extra dimensions?
string theory?
o If so, we expect rich spectrum of new particles!



iPMU New Era
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o ~1900 reached atomic scale 10-3cm=a/m.
o ~1970 reached strong scale 10-1>cm=Me—2mas b0
o ~2010 will reach weak scale 10-1'cm=TeV-!

o known since Fermi (1933), finally there!
o presumably it is also a derived scale
o from SUSY breaking? extra dimensions?
string theory?
o If so, we expect rich spectrum of new particles!
o We'll start with Higgs boson(s)
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o Gravity pulls two massive
bodies (long-ranged)

o Electric force repels two
like charges (long-ranged)

o “Weak force” pulls
protons and electrons
(short-ranged) acts only
over a billionth nanometer
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gravity

electric force

weak force

o There is a quantum liquid filling our Universe

o It doesn’t disturb gravity or electric force

o It does disturb weak force and make it short-ranged

o It also slows down all elementary particles from speed
of light

o What is it?? “Dark Field”
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iPMU Like a superconductor
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o In a superconductor, magnetic field gets repelled (Meifiner effect),
and penetrates only over the “penetration length”

= Magnetic field is short-ranged!

o Imagine a physicist living in a superconductor
o She finally figured.:

o magnetic field must be long-ranged

o there must be a mysterious charge-two condensate in her
“Universe”

o But doesn’t know what the condensate is, nor why it condenses
o Doesn’t have enough energy (gap) to break up Cooper pairs

That's the stage where we are!
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Standard Model Higgs at LHC
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iPMU Post-Higgs Problem
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o We see “what” makes up the Dark Field

o But we still don’t know “why” it is there

o Two problems:

o Why anything is condensed at all

o Why is the scale of condensation 117
~TeV«<M, = 1015TeV — 7

o Explanation to be at ~1eV scale because this
is the relevant energy scale, cf. BCS
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fIPMU Once upon a time,
there was a h1erarchy problem
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fIPMU Once upon a time,
there was a h1erarchy problem
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o At the end of 19th century: a “crisis”’ about electron

o Like charges repel: hard to keep electric charge in a
small pack

o Electron is point-like
o At least smaller than 10~"cm
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fIPMU Once upon a time,
there was a h1erarchy problem
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o At the end of 19th century: a “crisis”’ about electron

o Like charges repel: hard to keep electric charge in a
small pack

o Electron is point-like
o At least smaller than 10~"cm

10~ em

Ve

Amec2 S ey

Ve

o Correction Am c* > m c* for r, < 10~cm

o Breakdown of theory of electromagnetism
= Can’t discuss physics below 10~°cm
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iPM U Anti-Matter Comes to
Rescue by Doubling of #Particles
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o Vacuum bubble of
matter anti-matter
creation/annihilation

o Electron annihilates the
positron in the bubble

—
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iPM U Anti-Matter Comes to
Rescue by Doubling of #Particles
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iPMU Higgs repels itself, too
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2
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o Just like electron O Ampc™ ~ (r)
: A H
repelling itself because |" :

of its charge, Higgs

boson also repels itself
o Requires a lot of energy S

to contain itself in its ~1Tev + SM breaks

down here

point-like size!
o Breakdown of theory of
weak force

O
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iIPMU

History repeats itselt?
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H
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o “Vacuum bubbles” of N
H
superpartners cancel the ; O ;
energy required to _
. . - W
contain Higgs boson in
itself S
2 %
o Standard Model made Amp ~—mgygy log(myry )
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iPMU Three Directions
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o History repeats itself
o Crisis with electron solved by anti-matter
o Double #particles again = supersymmetry

o Learn from Cooper pairs
o Cooper pairs composite made of two electrons
o Higgs boson may be fermion-pair composite
= technicolor

o Physics as we know it ends at TeV
o Ultimate scale of physics: quantum gravity
o May have quantum gravity at TeV

= hidden dimensions (0.01 cm to 1077 cm)
16
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Supersymmetry
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supersymmeiry measurements at LHC
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LHC dlscovery
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o case to three possible directions

o look for more new physics with
luminosity upgrade

o study connection of new physics to
flavor with B, K, mu, etc

o understand properties of new particles
with a lepton collider
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need precision measurements
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o SUSY spectroscopy

o kinematic fits, partial
wave analysis, Dalitz
analysis, etc

o precision mass, BR
measurements

o all techniques from
current hadron
spectrocopy!



need precision measurements

= PDG 2016

' Y, : - o S L . . .
m A % , PSR rDEe ¥ 8 A ey o The following data are averaged over all light flavors, presumably u, d, s, ¢ with both
chiralities. For flavor-tagged data, see listings for Stop and Sbottom. Most results
assume minimal supergravity, an untested hypothesis with only five parameters.

') SUSY SpeCtI/'OSCOPy Alternative interpretation as extra dimensional particles is possible. See KK particle

listing.

; 1 A SQUARK MASS
O klnemathﬁtS, partlal VALUE (GeV) DOCUMENT ID  TECN COMMENT
: . 538+10 OUR FIT mSUGRA assumptions
wdave analySlS’ Dalltz 532+11 'ABBIENDI 11D CMS Missing ET with
analySiS y etc 54114 ADLER 110 ATLAS Eigiﬁgéisvsv?trﬂptlons

mSUGRA assumptions

e o ¢ \We do not use the following data for averages, fits, limits, etc @ o o
652+105 SABBIENDI 11K CMS extended mSUGRA
with 5 more parameters

'ABBIENDI 11D assumes minimal supergravity in the fits to the data of jets and

() (]
o precision mass, BR
missing energies and set A)=0 and tanf3 = 3. See Fig. 5 of the paper for other choices
measurements of A, and tanf3. The result is correlated with the gluino mass M,. See listing for

gluino.

?ADLER 110 uses the same set of assumptions as ABBIENDI 11D, but with tanfy = 5.
SABBIENDI 11K extends minimal supergravity by allowing for different scalar masses-
squared for Hu, Hd, 5* and 10 scalars at the GUT scale.

o all techniques from
current hadron SQUARK DECAY MODES
SpéCtl’OCOpy.’ MODE BR(%) DOCUMENT ID  TECN COMMENT

J+miss 32+5 ABE 10U ATLAS
j |4+miss 73x10 ABE 10U ATLAS lepton universality
j e+miss 22+8 ABE 10U ATLAS
J | +miss 257 ABE 10U ATLAS

qyx" seen ABE 10U ATLAS
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measurements
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need precision measurements
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o SUSY spectroscopy

. . . B | | | | | | | | |
o kinematic fits, partial - ete” — i
wave analysis, Dalitz m150;‘ Vs = 350 GeV
analysis, etc 100l
TR o ;
* I S
o precision mass, BR 50;‘{; ¢ _
measurements ob— T
~1 -0.5 0 0.5
cos 0

o all techniques from
current hadron
spectrocopy!
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iPvi UNeed more CP Violation
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o Belle/BaBar fantastic
job to establish KM

o However, KM cannot
produce baryon
asymmetry > 10-20

o need more sources of
CP violation

o quarks? neutrinos?

1.5
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o €k
i sol. w/ cos 2 <0
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What dark matter is not
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Massive Compact Halo Object?
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What dark matter is not
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What dark matter is not
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iIPMU MACHOs = WIMPs =<
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o WIMP (Weakly Interacting
Massive Particle) very
attractive

o Stable heavy particle
produced in early
Universe, left-over from

near-complete annihilation
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iPMU Particle Dark Matter =
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o Stable, TeV-scale g 107 e
particle, electrically E
neutral, very weakly f
interacting : ;

o No such candidate in the RCM SR | e\ WSO
Standard Model 4~ NS

o Man.y .nffodels. of | : o Lm \\\\ \
stabilizing Higgs provide 10! o et 10’
candidates  Detect Dark Matter to

o LSP in SUSY, LKP in see it is there.
UED, LTP in little e Produce Dark Matter in
Higgs, S in NMSM, ... accelerator experiments to

see what it is.
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Also indirect detection
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IPMU

Dark Matter
Concordance
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US-Japan Collaboration
Agreement
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IPMU Benefits
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o It clearly helped young Japanese HEP
scientists trained at US facilities

o Many important contributions to major
HEP achievements

o also helped US participation in Japanese
projects

o important R&D to enable future projects
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iPVMU Unequal Treaty?
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o Both money and people L0
flowed from Japan to US =%

o need to establish Japan
as training grounds for
young US scientists

o more equal partnership?
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Europe
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Japan looking towards Wb
Europe :

o maybe stronger case for
US-Japan collaboration
to avoid European
monopoly?

o flavor physics is clearly
complementary to LHC

o R&D for our future
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Europe
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o With LHC, both US and  § \
Japan looking towards S
Europe

o maybe stronger case for
US-Japan collaboration
to avoid European
monopoly?

o flavor physics is clearly
complementary to LHC

o R&D for our future




iIPMU

More money?
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o exchange rate, trade deficit
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More money?
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iPMU More money?
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o Maybe “High-Energy Physics” was
confused with energy research?
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iPMU More money?
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o Maybe “High-Energy Physics” was
confused with energy research?

o Well, dark energy is supposedly an infinite
source of energy
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MU More money?
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o Maybe “High-Energy Physics” was
confused with energy research?

o Well, dark energy is supposedly an infinite
source of energy

o Can we confuse the politicians to put
more funds into HEP?
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iPMU Conclusions
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iPMU Conclusions
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o Many good reasons to expect major
advances in the next 30 years

o EWSB

o dark matter
o baryon asymmetry
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37



iPMU Conclusions

- ' . o . 8 vl < & . v 0 - ’ »
FOSITORL A 2fn , Try g A e ek A iania s PSSRSO - SIS S W R T

o Many good reasons to expect major
advances in the next 30 years

o EWSB
o dark matter
o baryon asymmetry
o HEP becoming more and more global
o US-Japan collaboration clearly critical

37



iPMU Conclusions

. v . o . R L N 2 s A ¥y PRT - S B o2 & - . : »
mmmm ¥ A vty “-\-“-."_' ¥ LS SN—— .Jdl-.‘“‘ﬂ‘{&“;t"wwwml‘w

o Many good reasons to expect major
advances in the next 30 years

o EWSB

o dark matter

o baryon asymmetry
o HEP becoming more and more global
o US-Japan collaboration clearly critical
o What is the right model?
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